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ABSTRACT 

Context. The modern generation of Cherenkov telescopes has revealed a new population of gamma-ray sources in the 
Galaxy. Some of them have been identified with previously known X-ray binary systems while other remain without 
clear counterparts a lower energies. Our initial goal here was reporting on extensive radio observations of the first 
extended and yet unidentified source, namely TeV J2032+4130. This object was originally detected by the HEGRA 
telescope in the direction of the Cygnus OB2 region and its nature has been a matter of debate during the latest years. 
The situation has become more complex with the Whipple and MILAGRO telescopes new TeV detections in the same 
field which could be consistent with the historic HEGRA source, although a different origin cannot be ruled out. 
Aims. We aim to pursue our radio exploration of the TeV J2032+4130 position that we initiated in a previous paper 
but taking now into account the latest results from new Whipple and MILAGRO TeV telescopes. The data presented 
here are an extended follow up of our previous work. 

Methods. Our investigation is mostly based on interferometric radio observations with the Giant Metre Wave Radio 
Telescope (GMRT) close to Pune (India) and the Very Large Array (VLA) in New Mexico (USA). We also conducted 
near infrared observations with the 3.5 m telescope and the OMEGA2000 camera at the Centro Astronomico Hispano 
Aleman (CAHA) in Almeria (Spain). 

Results. We present deep radio maps centered on the TeV J2032+4130 position at different wavelengths. In particular, 
our 49 and 20 cm maps cover a field of view larger than half a degree that fully includes the Whipple position and 
the peak of MILAGRO emission. Our most important result here is a catalogue of 153 radio sources detected at 49 cm 
within the GMRT antennae primary beam with a full width half maximum (FWHM) of 43 arc-minute. Among them, 
peculiar sources inside the Whipple error ellipse are discussed in detail, including a likely double-double radio galaxy 
and a one-sided jet source of possible blazar nature. This last object adds another alternative counterpart possibility to 
be considered for both the HEGRA, Whipple and MILAGRO emission. Moreover, our multi-configuration VLA images 
reveal the non-thermal extended emission previously reported by us with improved angular resolution. Its non-thermal 
spectral index is also confirmed thanks to matching beam observations at the 20 and 6 cm wavelengths. 
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1. Introduction 

The unidentified TeV gamma-ray source TeV J2032+4130 
in the Cygnus OB2 region was originally reported by 
the HEGRA array of imaging Cherenkov telescopes 
( Aharonian et al. 2002|) Together with HESS J1303-631 
( Aharonian et al. 2005ap . it is one of the two first extended 
TeV sources without a clear counterpart at lower energies. 
In an attempt to explain the nature of these unidentified 
extedend gamma-ray sources, several TeV emission models 
based on hadronic processes instead of leptonic ones have 
flourished during the pa st years (e.g. ITorres et al. 2004, 
IBosch- Ramon et al. 2005|) . However, the only consensus so 
far achieved is that these mysterious objects are likely to 
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be galactic sources based on their Galactic Plane location 
and extended nature of their TeV emission. 

During the latest years, several authors have under- 
taken deep observational efforts to try t o identify poten- 
tial counterpart s at other wavelengths (jButt et al. 2003. 
IButt et al. 2006| |Mukherjee et al. 2003] ). No clear success 
has been achieved so far at both X-ray, infrared and 
specially at radio wavelengths where interstellar extinc- 
tion should be minimal. At present, the deepest radio ex- 
ploration has been reported by IParedes et al. 20071 based 
on new observations with the Giant Meter Wave Radio 
Telescope (GMRT) in Pune (India) and new and archive 
observations with the Very Large Array (VLA) in New 
Mexico (USA) . As a result of this work, an extended diffuse 
radio emision (likely of non-thermal nature) and a remark- 
able population of compact radio sources were detected in 
coincidence with the Center of Gravity (CoG) and few arc- 
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minute radius of the HEGRA extended emission. X-ray and 
near infrared counterparts have been identified for some of 
these compact radio sources. Their nature ranges from stel- 
lar to likely extragalactic sources but none turned out to be 
an uncommon or peculiar object from which TeV emission 
could be suspected. 

More recently, new observations conducted with the 
Whipple Cherenkov telescope ( |Konopelko et al. 2007| ) have 
resulted in the detection of an extended TeV source dis- 
placed several arc-minutes NE from the HEGRA position 
but yet consistent with it when all sources of error are con- 
sidered. The contents of the Whipple error box, correspond- 
ing to the (significant) excess ellipse, has been studied by 
IButt et al. 20071 who report on non-the rmal extended radio 
emission consistent with that found bv lParedes et al. 20071 
A possible supernova remnant (SNR) interpretation is 
tentatively proposed for it. They also discuss a con- 
spicuous double-lobed jet-source, now within the new 
Whipple ellipse and previously noted by IButt et al~ 2006 
and lParedes et al. 20071 But the latest complication to this 
puzzle has been added by the water Cherenkov telescope 
MILAGRO as reported by lAbdo et al. "20061 The map of 
the region obtained by the MILAGRO collaboration in- 
dicates the presence of a conspicuous TeV emitter whose 
position is consistent with both the HEGRA and Whipple 
sources. However, the association of any of the Whipple and 
MILAGRO sources with TeV J2032+4130, although possi- 
ble, is at present unclear and the existence of different TeV 
sources in the field cannot be ruled out. 

In this context, we present additional radio data 
covering both the HEGRA, Whipple and MILAGRO 
peak positions. Firstly the GMRT observations in 
IParedes et al. 20071 (covering the HEGRA position only) 
are now reported for the whole field of view of the GMRT 
antennae primary beam. Secondly, this paper is also based 
on new VLA observations that we combine with the previ- 
ous VLA archive data for high fidely mapping of extended 
emission. Our final maps provide the highest sensitivity and 
angular resolution radio images so far available for the TeV 
sources in the Cygnus OB2 region. In particular, the full 
analysis of GMRT data has resulted in a catalogue of 153 
radio sources reliably detected in the field which we con- 
sider to be the most important contribution of this work. 
The availability of such information in the radio will become 
very useful in a near future when improved Cherenkov and 
GLAST observations will be able to further decrease the 
uncertainty of the TeV position. The true radio counter- 
part is then likely to emerge among the many radio sources 
reported in this paper. 

2. GMRT radio observations and results 

The GMRT observations were carried out at 610 MHz (49 
cm wavelength) on 2005 July 9 and September 1 accord- 
ing to the log in Table [1] They were preliminary reported 
by IParedes et al. 20071 but limited to the HEGRA circle 
contents. We refer the reader to this reference for details 
on the GMRT observing, calibration and data processing 
techniques. Here, we will provide a full account of our 
GMRT observing runs including all radio sources within 
the FWHM of the primary beam of individual antennae. 
The corresponding wide-field map (about 43 arc-minute 
wide) is presented in Fig. [TJ Such field of view was conser- 
vatively adopted for two reasons mainly. Firstly, it safely 



Table 1. Log of GMRT observations used in this paper 
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Table 2. Log 


of VLA observations used in this paper. 
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D 




2 50 339270 


2006 Nov 21 


20 


C 




2 50 70317 


(AM871) 
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c 




2 50 93624 


2006 Nov 28 


20 


c 




2 50 76069 


(AM871) 


6 


c 




2 50 92433 



accomodates the location uncertainty of both the HEGRA 
and Whipple sources. Secondly, it avoids known problems 
in the modelling of the primary beam response beyond the 
50% level (see Appendix 2 in lGarn et al. 2007]) . 

Many radio sources are detected in Fig. [T] when closely 
inspecting the fits file. We used the automated extracting 
procedure SAD of the AIPS package in order to produce 
a list of objects with peak flux density higher than about 
five times the local noise after primary beam correction. 
The SAD output was inspected visually and all source de- 
tections believed not to be real (i.e. deconvolution artifacts 
near bright sources) were deleted by hand. The resulting 
list, considered to be very reliable although not complete 
at lowest flux density levels, contains 153 radio sources. We 
present it as a catalogue in Table [3] of the online material 
accompanying this paper. A sample of this table is included 
here for illustration purposes of our GMRT catalogue. First 
and second columns provide the J2000.0 position in right 
ascension order. The third and fourth columns give the peak 
(S£ eak ) and integrated (S"i ntcg ) flux densities. Finally the 
fifth, sixth and seventh columns contain the result of an 
elliptical Gaussian fit as returned by the same SAD task. 
This is an apparent angular size, i.e., not a deconvolved 
one. All errors are given in parentheses. 

Very extended sources with ^intcg^ c^-Pcak > gucn ag 
some double-lobed radiogalaxies, are not included in Table 
[3] and their detailed study is reserved for future papers. 
However, we do pay attention below to some of these ob- 
jects that we consider relevant to mention for our goals of 
TeV source identification. 



3. VLA radio observations and results 

The VLA observations were carried out during November 
2006 at the 20 and 6 cm wavelengths with the array being in 
its C configuration. The corresponding log is given in Table 
[2] For completeness of the VLA data used in this work, 
Table [2] also contains other archive observation obtained 
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Fig. 1. Wide field radio map of the HEGRA and Whipple TeV sources and its surroundings in the Cygnus OB2 
region based on multi-epoch GMRT observations at 49 cm corrected for primary beam response up to 50%. The CoG 
of HEGRA TeV emission and its statistical error are indicated by the central cross, while the central circle ilustrates 
the la radius of its extended angular size. The elongated ellipse approximately represents the Whipple location from 



Konopelko et al. 2007, believed to correspond to the same TeV source and clearly offset towards the North East. The 



color scale is logarithmic and shown on the right side. The synthesized beam amounts to 5"00 x 4''75, with position 
angle of 33?0. It is not shown because it would appear just as a small dot at this scale. Resolved double and one-sided 
jet sources are indicated by color circles red and green, respectively. The rms noise in the central region is about 90 /iJy 
beam -1 . 



by other authors in the more compact D configuration of 
the array and used by us. All VLA data were processed 
following standard procedures within the AIPS package of 
NRAO. 3C48 was observed as amplitude calibrator at all 
wavelengths. Phase calibration was achieved by frequent 
observations of 2052+365 and 2007+404 at 20 and 6 cm, 



respectively. Phase self-calibration worked satisfactorily at 
20 cm while at 6 cm the brightest sources were not strong 
enough to enable it. 

The purpose of our VLA observations was twofold. 
Firstly, the VLA C configuration run was conducted with 
the idea of combining it (in the Fourier plane) with the 
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Table 3 (sample). Catalogue of GMRT sources detected at 610 MHz (full catalogue in the online section). 



(hms) 


(dms) 


opcak 

(mjy beam -1 ) 


ointcg 

(mJy) 


(arcsec) 


b 

(arcsec) 


P.A. 

(degree) 


20 30 08.779(0.004) 
20 30 09.090(0.015) 
20 30 11.448(0.015) 
20 30 13.065(0.066) 
20 30 14.295(0.040) 


+41 33 16.60(0.03) 
+41 33 26.63(0.21) 
+41 34 52.19(0.15) 
+41 35 29.88(0.59) 
+41 24 54.89(0.52) 


8.18(0.11) 
2.31(0.10) 
2.14(0.11) 
0.52(0.11) 
0.66(0.11) 


17.30(0.32) 
9.23(0.51) 
4.95(0.34) 
0.94(0.29) 
1.30(0.30) 


8.47(0.11) 
11.16(0.51) 
8.29(0.42) 
9.58(2.02) 
7.48(1.24) 


5.93(0.08) 
8.51(0.39) 
6.63(0.33) 
4.51(0.95) 
6.26(1.03) 


83.0(001) 
4.0(007) 
68.5(009) 
54.5(010) 
18.5(037) 



other D configuration runs available from the archive. A 
map computed using C+D data is expected to provide both 
improved angular resolution and sensitivity to extended ra- 
dio emission in order to better image possible radio coun- 
terparts to the TeV source. The result of combining C and 
D configuration data, using the aips task DBCON, is pre- 
sented in Figs. [2] and [3J These multi-configuration images 
display a significant amount of detail both in compact and 
diffuse emission. Primary beam correction has been applied 
to them limited to a 30% response of the primary beam for 
higher fidelity purposes. 

Secondly, a C configuration run can also be used to pro- 
vide true matching beam maps at both 20 and 6 cm. Indeed, 
observing at 20 cm in C configuration provides almost the 
same synthesized beam as the 6 cm archive data in D con- 
figuration. When these data are appropriately combined, 
spectral indices can be determined in a more reliable way 
and specially for extended radio emission. Figure [4] displays 
the result of combining the matching beam maps quoted 
above (not shown here) in spectral index mode using the 
aips task COMB. The field of view covered is larger than 
a single 6 cm primary beam because the archive VLA D 
configuration data consisted of mosaiced pointings at this 
wavelength. 

4. CAHA near infrared observations and results 

On 2005 April 29, we observed the field of TeV J2032+4130 
in the near infrared Ks-b&nd (2.2 /zm) using the Calar Alto 
3.5 m telescope and the OMEGA2000 camera at CAHA. 
Only five frames could be obtained close in time to the as- 
tronomical twilight. Therefore, the sky subtraction is not as 
perfect as desirable and this limits somewhat the quality of 
the data. Nevertheless, they are comparable or even better 
than the 2MASS with a limiting magnitude of K s = 15.5. 
The relevant Ks-b&nd fields are displayed as a background 
gray scale in Figs. [7] and [SI These CAHA observations have 
been partially published already in Parede s~et al. 20071 to 
whom we refer the reader for futher details. 

5. Discussion 

5.1. The GMRT catalogue of the region 

Possibly the most important contribution of this paper is 
the GMRT source catalogue compiled in Table [3J Having 
this information in hand will likely become a useful ref- 
erence for radio counterpart identification when future 
Cherenkov and GLAST observations will be able to nar- 
row the location of the HEGRA, Whipple and MILAGRO 
sources. The distribution of radio sources with flux den- 
sity is given by the histogram in Fig. [5] We note here that 
the number of sources would become significantly higher 
by ~ 10 2 if objects at the 3-4 a level were accepted in the 
search. 



In Fig. M we have plotted the ratio Sl nte ^/S^ cak as a 
function of peak flux density. The additional dashed lines 
correspond to the envelope equation 

5 I„teg /;S Pcak = . 85 -(1.2/S--) (1) 

and its mirror image with respect to the unity value in 
the vertical axis. This envelope has been adopted from 
IBondi et al. 20071 based on their deep source counts using 
the GMRT at 610 MHz. Sources within the two envelope 
branches are statistically consistent with being compact, or 
unresolved, while those above can be classified as resolved 
objects. Out of the 153 objects in Table [3J about 40% are 
compact and 60% appear resolved (61 and 92 radio sources, 
respectively). The dominance of resolved radio sources is 
clearly connected the excellent GMRT angular resolution 
provided by its longest baselines. 

The richness of catalogues based on a wide-field instru- 
ment such as GMRT allows the prospective of interesting 
cross-identifications of its 610 MHz radio sources with other 
wavelength domains. Of course, this task is not limited only 
to the TeV sources that originally motivated our work. As 
an example of quick data mining using the Table [3] cata- 
logue, the object marked with footnote ( d ) is very likely 
the lowest frequency detection of the contact binary sys- 
tem Cyg OB2 No. 5 (see e.g. IContreras et al. 19971 for a 
detailed optical-radio study). Additional hot massive stars 
worth to be investigated could also be present in Table [3J 
In particular, sources marked with footnotes ( e ) and (*) 
are very close in position to stars Cyg OB2 No. 12 and 9, 
respectively. 

5.2. Peculiar radio sources in the HEGRA/Whipple field 

The Whipple ellipse contains some interesting objects out- 
side its overlap with the HEGRA circle but not too far 
from its edge radius. Their existence has already been 
noted in the past based on survey data. One of them 
i s the very exten ded (~ 10') radio source 080.45+01.07 
(|Furst et al. 1990[) previosuly suspected as a possible large 
scale radio lobe o f the nearby microquasar Cygnus X-3 
(jMarti et al. 2 000). but now believed to be a mere HII re- 
gion of thermal emission nature. The other is the prominent 
double-lobed sourc e mentioned by IButt et al. 20061 and 
IParedes et al. 20071 also known as NVSS J203201+413722. 
None is included in our catalogue due to their very extended 
nature. 

Both objects are imaged here with improved detail. 
However, the most detailed view of these and other sources 
in the field comes from the GMRT 49 cm map in Fig. [1] 
with about 5" angular resolution. Thanks to this resolv- 
ing power, the number of double sources existing in the 
HEGRA and Whipple field increases significantly to at least 
six objects (see again Fig. [1]). Such abundance reduces the 
peculiarity of the double-lobed source as a counterpart can- 
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Fig. 2. VLA 20 cm map of the HEGRA location for the unidentified TeV J2032+4130 source. The location of the 
HEGRA and Whipple sources are superimposed on it with the same symbols of Fig. [1] The 20 cm radio data shown 
here is a natural weight map made using VLA data taken in C and D configuration and combined. The circular map 
boundary is due to the primary beam correction up to a 30% response, thus increasing the rms noise toward the edges. 
The vertical wedge indicates the brightness level in mJy beam -1 within limits adapted to better enhance the most 
interesting features in the field. The synthesized beam corresponds to an ellipse of 16"97x 13"33, with position angle of 
— 63?85. Again, it is not shown because it would appear as a very small dot at this scale. Color circles indicate sources 
with resolved morphology mainly based on GMRT observations discussed later in the text. 



didate to be responsible for the TeV J2032+4130/Whipple 
emission. Moreover, the GMRT map also reveals a third 
remarkable object, i.e., an unknown one-sided jet source 
also consistent with the Whipple ellipse and not far from 
the HEGRA circle. We discuss more in detail on these ra- 
diosources in the subsections below. 



5.3. NVSS J203201+413722: a likely radio galaxy with an 
optically-thick compact core 

A detailed GMRT view of this double-lobed source inside 
the Whipple ellipse is presented in the left panel of Fig. 
[7] Rs morphology is clearly reminiscent of a double-double 
radio galaxy whi ch has experienced differe nt epochs of jet 
activity (see e.g.[Schocnmakers ct al . 2000j) . The same field 
is also shown at 6 cm from our multi-configuration VLA 
observations. The primary beam correction for this object 
at 6 cm is very high since it is located below the 30% level 




Fig. 3. VLA 6 cm map of the HEGRA location for the unidentified TeV J2032+4130 source. This is a natural weight 
map using the C and D configuration of the array and combined in the uv plane. The HEGRA la radius and CoG are 
the plotted as in previous figure. The vertical wedge indicates the brightness level in mJy beam -1 . The synthesized beam 
is indicated by the bottom left ellipse and corresponds to 9"55x8"69, with position angle of — 74?44. Primary beam 
correction has been also applied limited to a 30% response. This provides a field of view almost as large as the HEGRA 
circle. The Id. numbers correspond to GMRT radio sources reported bv lParedes et al. 20071 which are also detected here 
at 6 cm. 



response. However, we are confident that its overall 6 cm 
morphology is not strongly affected because it is a relatively 
strong source. 

The most interesting issue about NVSS 
J203201+413722 is revealed by the detection of a 
compact component in the 6 cm map located at a J2000.0 
position 20' l 32 m 01f96 and +41°37'34"3 (error ±0"5 in 
each coordinate) and with a flux density of 1.1 ± 0.2 mJy. 
The fact that we do not see it at 20 nor 49 cm, above 
four times the local rms noise, implies an optically-thick 
spectral index of about a > +0.4. This is p ossibly due to 
synchrotron self absorption. IButt et al. 20 07 have reported 



marginal Chandra X-ray detections in the vicinity of NVSS 
J203201+413722 and their source B is consistent with 
this optically-thick component. All these facts, together 
with the central symmetric location of the component 
with respect to the lobes, strongly suggests that we have 
identified the true location of the central engine powering 
the rest of the non-thermal jet source. It is at this precise 
location where the search for a near infrared counterpart 
should be conducted in order to test its galactic or, most 
likely, extragalactic radio galaxy nature. The zoom in the 
right panel of Fig. [7] also contains in gray scale our CAHA 
OMEGA2000 observations that reveal no counterpart 
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Fig. 4. Spectral index map computed by combining matching beams maps made from VLA 6 cm data in D configuration 
and VLA 20 cm data in C configuration. The restoring beam used was a circular Gaussian with f 5" diameter at both 
frequencies shown at the bottom left corner. 



to the core component brighter than the OMEGA2000 
limiting magnitude. 



5.4. A blazar candidate counterpart for the Whipple 
emission ? 

A source with a clearly asymmetric one-sided jet is lo- 
cated inside the Whipple ellipse at J2000.0 coordinates 
20 h 32 m 29f48 and +4I°35'06"7, with a peak flux density 
of 2.8 mJy (see Table |3] for details). This object, included 
in the GMRT catalogue, is labelled with a green circle in 
Fig. [T] and a more detailed contour plot is presented in Fig. 
[5) Jet one-sideness is usually interpreted in terms of strong 
Doppler boosting of a relativistic jet flowing close to the 
line of sight. This is the main fingerprint of blazar active 
galactic nuclei (AGN) which are well known sources of high 
energy gamma-rays (see e.g. IParedes 2005[) . 

In this context, one could think of this GMRT one-sided 
jet source as another potential counterpart candidate for 



both the HEGRA/ Whipple emission deserving further at- 
tention in the future. We note here that it could also be 
consistent with the HEGRA source when taking into ac- 
count both the statistical and systematic error quoted in 
Aha ronian et al. 2005bl Nevertheless, the extended nature 
of the HEGRA TeV emission, if confirmed, would be diffi- 
cult to reconcile with a blazar origin for the radiation and 
therefore such suggestion has to be considered with caution. 

So far, no entry appears catalogued in the SIMBAD 
database closer than 20" from the one-sided jet source po- 
sition in both radio and X-rays. Using the same Chandra 
data reported by IButt et al. 20061 we find ~ 10~ 14 erg 
cm~ 2 s^ 1 as a resonable X-ray upper limit at its location 
within the 0.3-10 keV energy range. Such value appears sig- 
nificantly lower than typical X-ray fluxes from other blazar 
sources, specially when compared with the closest ones (see 
e.g. lLandt et al. 2001[) . and thus suggesting a high-redshift 
object unless beaming is not so strong. 

Interestingly, the OMEGA2000 image also displayed in 
Fig. [SJ reveals a conspicuous stellar-like object located at 
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Fig. 7. Left. GMRT radio map of the proposed radiogalaxy at the 49 cm wavelength computed using a ROBUST value 
of and excluding baselines shorter than 1.1 kA. Primary beam correction has been also applied. Contours correspond to 
-4, 4, 6, 8, 10, 12, 14, 16, 20, 25, 30, 35, 40, 50, 60, 80 and 100 times 0.12 mJy beam" 1 , the rms noise. The synthesized 
beam is shown as an ellipse at the bottom left corner and is equivalent to 5"00 x 4"75, with position angle of 33?0. 
Center. The same field as in previous panel but observed with the VLA at 6 cm. This is a pure natural weight, primary 
beam corrected VLA map produced by combining uv data taken in the D and C configurations of the array. A central 
thick cross marks the position of a compact component proposed to be the radiogalaxy core. This component is not 
visible in the left GMRT map also with the same cross symbol for easier comparison. Contours are —4, 4, 5, 6, 7, 8, 9, 10, 
11, 12, 13, 14, 16, 18, 20, 22 and 24 times 0.14 mJy beam -1 . The synthesized beam is similarly shown and corresponds 
to 9''55x8''69, with position angle of — 74?44. Right. Zoomed map of the proposed radio core made using the same VLA 
data of the central panel but using a ROBUST factor of zero for enhanced angular resolution. Contours are —4, 4, 5 and 
6 times 0.17 mJy beam -1 , the rms noise, with the synthesized beam being 5"82x4"71 with position angle of — 82?65 (not 
shown for clarity reasons). Both the core location and the Chandra X-ray sources from IButt et al. 20071 are accurately 
marked here as thin crosses whose size reflects their positional uncertainty. The background gray scale indicates near 
infrared i"T s -band emission as observed with the Calar Alto 3.5 m telescope and the OMEGA2000 camera. 




log S^ eak [ mJy beam 1 



gPeak ^ m ^ beam '] 



Fig. 5. Histogram showing the distribution of peak flux 
densities for GMRT radio sources in Table [3] catalogue. 



20' l 32 m 29?36 and +41°35'06"1, i.e., with an offset of l'.'b 
between the radio and near infrared position. This value 



Fig. 6. Ratio of the integrated flux density Sl ntcs over the 
peak flux density S^ cak for all GMRT radio sources in Table 
[3] catalogue. Dashed lines are the envelope of loci where 
sources are statistically consistent with being unresolved 
ffrom lBondi et al. 2007|) . 
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Fig. 8. Contour map of the one-sided jet source detected by the GMRT inside the Whipple ellipse for TeV J2032+4130. 
Contour levels shown correspond to —3, 3, 4, 5, 6, 7, 8, 10, 12, 15, 20, 25 and 30 times the rms noise of 90 /jJy beam -1 . 
This plot is a zoomed region of the same GMRT image as in Fig. Q] and with the same synthesized beam (shown at 
the bottom left corner). The background gray scale shows the if s -band emission as observed with the Calar Alto 3.5 m 
telescope and the OMEGA2000 camera. An obvious stellar-like counterpart candidate is visible in the near infrared for 
this peculiar radio source. 



is a few times the combined astrometric uncertainty and 
roughly one third of the GMRT synthesized beam. Thus, 
in principle, a radio/near infrared coincidence should not 
be considered likely. However, an association of the GMRT 
and CAHA sources cannot be strictly ruled out if the ra- 
dio peak is not tracing a core but the photocenter of the 
much brighter arc-second radio jet next to it and below the 
GMRT angular resolution. From CAHA observations, the 
magnitude of the near infrared object is Ks = 13.04 ±0.02. 
It is also present when inspecting the 2 Micron All Sky 
Survey (2MASS) images with similar brightness in the Ks 
band. The 2MASS magnitudes for the candidate counter- 
part to this GMRT source are J = 14.77 ± 0.03, H = 
13.40 ± 0.02 and K s = 12.86 ± 0.03. Higher angular res- 
olution radio observations, as well as near infrared spec- 
troscopy, is needed to confirm the proposed near infrared 
counterpart and its suspected blazar or other nature. 

5.5. Extended emission 

The multi-configuration VLA 20 cm map in Fig. [2] pro- 
vides a significantly sharper image of the diffuse emis- 
sion inside the HEGRA circle previously reported in 
IParedes et al. 2007l with half-arc appearance. The extended 
emission is broken into multiple patches whose spectral in- 
dex is predominantly non-thermal as evidenced in the color 
coding of Fig. [4] thus confirming the Parcdes et a l. 2007l es- 
timate. Despite of surrounding the TeV CoG, the morphol- 
ogy of this extended non-thermal feature does not allow an 
unambiguous diagnosis of its nature and connection with 
the gamma-ray emission, if any. The same problem occurs 
when inspecting the multi-configuration 6 cm image in Fig. 
[3l At this shorther wavelength, the half-arc becomes more 
similar to a shell-like feature surrounding the TeV CoG and 



the two more compact radio sources close to it. A similar 
conclusion has been reached bv lButt et al. 20071 when ana- 
lyzing the D configuration data alone. While these authors 
tentatively consider a possible supernova remnant (SNR) 
reminiscence, this scenario is not clear based on the present 
data. 



6. Conclusions 

We have conducted a follow-up radio study of the unidenti- 
fied HEGRA and Whipple TeV sources in the direction of 
the Cygnus OB2 association. Our main conclusions can be 
summarized as follows: 

1 . A catalog of relatively compact radio sources in the field 
has been reported with a total of 153 objects at the 49 
cm wavelength within the primary beam of GMRT an- 
tennae. This catalog, available on-line, is likely to be- 
come useful for radio counterpart identication when the 
7-ray positions are improved in the future and for any 
other objects in the field. 

2. Thanks to the excelent angular resolution of GMRT, at 
least 6 double radio sources are now detected in the field 
and likely to be double-lobed radio galaxies unrelated 
to the TeV emission. The possibility that the promi- 
nent double-lobed source, NVSS J203201+413722, pre- 
viously known close to the HEGRA circle and inside the 
new Whipple ellipse, is just another unrelated double is 
therefore enhanced. 

3. The combination of GMRT and VLA maps for NVSS 
J203201+413722 point toward a double-double lobed 
radio galaxy nature for this object. A compact optically- 
thick central component has been identified with its cen- 
tral core. 
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4. An interesting one-sided jet radio source has been dis- 
covered inside the position ellipse of the TeV source de- 
tected by Whipple but could also be consistent with the 
HEGRA source. Its radio morphology is reminiscent of 
an AGN blazar and it has also a possible stellar- like near 
infrared counterpart. In the absence of spectroscopic ob- 
servations, the physical nature of this new GMRT source 
and its connection with the HEGRA/ Whipple emission 
remain possible but certainly unclear. 

5. Finally, the extended radio emission has been also 
mapped with improved detail with the VLA and accu- 
rate spectral index maps produced. A non-thermal shell- 
like feature around the TeV CoG of TeV J2032+4130 
is confirmed, but a physical association with the 7-ray 
source cannot be established at present in a clear way. 
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a Same as source #3, VL A- North and Chandra #234 within the HEG RA circle in lParedes et al. 20071 
b Same as source #4 within the HEGRA circle in IParedes et al. 20071 
same as source #6 within the HEGRA circle in lParedes et al. 20071 
d Likely the 610 MHz radio counterpart of the contact binary system Cyg OB2 No. 5. 
e Likely the 610 MHz radio counterpart of the luminous star Cyg OB2 No. 12. 
f Likely the 610 MHz radio counterpart of the luminous star Cyg OB2 No. 9. 



